Background. Serum (extracellular) histone levels are increased in inflammatory states and in the presence of coagulation dysfunction, for example, trauma, chemical/ischemic injury, infection. There is increasing evidence of a systemic inflammatory response associated with the presence of a pig xenograft in a nonhuman primate. We evaluated extracellular histone levels in baboons with various pig xenografts. Methods. We measured serum histones in baboons with pig heterotopic heart (n = 8), life-supporting kidney (n = 5), orthotopic liver (n = 4), and artery patch (n = 9) grafts by enzyme-linked immunosorbent assay. C-reactive protein (CRP), free triiodothyronine (fT3), serum amyloid A (SAA), and platelet counts were also measured, all of which may provide an indication of an inflammatory state. We investigated the effect of histones on platelet aggregation and on cytotoxicity of pig cells in vitro. Results. Serum histones increased when baboons developed consumptive coagulopathy (eg, thrombocytopenia) or infection. CRP levels tended to be higher and fT3 levels lower when consumptive coagulopathy developed. Measurement of SAA correlated fairly well with CRP and indicated the state of inflammation. Treatment of the recipient with tocilizumab reduced the level of serum histones, CRP, and SAA, and increased the level of fT3 and platelet counts. In vitro, histone-induced platelet aggregation and endothelial cell apoptosis were both significantly reduced by the NF-κB pathway inhibitor, parthenolide. Conclusions. These noninvasive assays may be useful for monitoring the health status of nonhuman primate recipients of pig organ grafts and may help in management after xenotransplantation. Tocilizumab and NF-κB inhibitors might prove valuable in reducing the inflammatory response to a pig xenograft.
H
istones are highly conserved, alkaline, positively charged proteins that include 5 main types-linker histone H1 and core histones H2A, H2B, H3, and H4. 1, 2 They are basic structural components of chromatin, namely nucleosomes that are responsible for DNA organization. Histones are found in 4 locations-(i) the cell nucleus, (ii) the cytosol, (iii) the cell surface, and (iv) in the extracellular space. 3 Histones are released into the extracellular space from damaged and activated cells (eg, neutrophils 4 and mast cells 5 ) in situations, such as trauma, chemical or ischemic injury, 6, 7 or infection, through the formation of neutrophil extracellular traps (NETs). 3 When histones are released into the extracellular space, they cause cell and tissue damage and act as danger/damage-associated molecular patterns (DAMPs) that mediate inflammation, 6, 8 coagulation disorders, [8] [9] [10] an immune response, 11 and/or cytotoxicity. 12 Extracellular histones induce inflammation by binding to Toll-like receptors (TLRs), particularly to TLR2 and TLR4, of various cells, followed by cytokine secretion (eg, TNF-α, IL-1β, IL-6, IL-8, or IL-10). 13 These pro-inflammatory cytokines also stimulate NETosis (a unique form of cell death associated with the release of chromatin and the granular contents of the cells into the extracellular space, with the involvement of other immune cells in the process), which increases histone release and amplifies inflammation.
14 When extracellular histones bind to TLR2 and TLR4 on platelets, they induce platelet activation and aggregation 15, 16 that in turn induces NETosis. 17 Extracellular histones enhance thrombin generation by (i) inducing tissue factor expression on endothelial cells potentially through the NF-κB pathway, 18 (ii) releasing von Willebrand factor, 19, 20 and (iii) reducing expression of coagulation-regulatory proteins (eg, thrombomodulin). 9 There have been numerous investigations that have explored a correlation between extracellular histones and various disease processes. [21] [22] [23] [24] However, to our knowledge, there has been very limited study of extracellular histones and transplantation, especially in xenotransplantation.
With the increasing availability of genetically engineered pigs and the introduction of novel immunosuppressive agents, markedly improved pig xenograft survival in nonhuman primates has been reported. 25 There is increasing evidence that a systemic inflammatory response is associated with the presence of a pig xenograft. 26, 27 Furthermore, this response precedes the onset of features of coagulation dysfunction. 28, 29 Inflammation, coagulation, and the immune response have a complex interrelationship. 6, 11 These observations suggested that prevention of an inflammatory response will impact the survival of pig xenografts in nonhuman primates.
Considering that extracellular histones are increased in inflammation and abnormal coagulation, histones may play an important role in xenotransplantation. The aims of the present retrospective study were (i) to measure serum histone levels in baboons that had received various pig xenografts, (ii) to investigate the relationship between histones and other markers of inflammation and coagulation dysregulation (eg, C-reactive protein [CRP], free triiodothyronine [fT3], serum amyloid A [SAA], and platelet count), and (iii) to examine the effect of histones on pig cell cytotoxicity and human platelet aggregation in vitro.
MATERIALS AND METHODS

Animals
Baboons (n = 26) (Oklahoma University Health Sciences Center, Oklahoma City, OK) received either a heterotopic heart graft (n = 8), 30 a life-supporting kidney graft (n = 5), 31 an orthotopic liver graft (n = 4), 32 or an artery patch graft (n = 9) 33,34 from genetically engineered pigs (Revivicor, Blacksburg, VA) ( Table 1) .
Immunosuppressive and Anti-Inflammatory Therapy
For the heart, kidney, or artery patch xenotransplantation experiments, immunosuppressive therapy was based on costimulation blockade using either (i) anti-CD154mAb (NIH NHP Reagent Resource, Boston, MA) or (ii) CTLA4-Ig (BMS, Princeton, NJ) ± anti-CD40mAb (2C10R4; NIH NHP Reagent Resource) or (iii) anti-CD40mAb [30] [31] [32] 34, 35 ( Table 1) . Nine immunosuppressed baboons with pig heart (n = 2), kidney (n = 5), or artery patch (n = 2) grafts received interleukin-6 receptor (IL-6R) blockade with tocilizumab (10 mg/kg; Actemra, Genentech, South San Francisco, CA). After liver xenotransplantation, 32 immunosuppressive therapy was based on tacrolimus/mycophenolate mofetil (Table 1) .
Heart, Kidney, Liver, or Artery Patch Transplantation Anesthesia, intravascular catheter placement in baboons, and pig-to-baboon non-life-supporting heterotopic abdominal heart, 30, 36 life-supporting kidney, 31 orthotopic liver, 32 and artery patch 33, 34 xenotransplantation have been described previously. All animal care was in accordance with the Guide for the Care and Use of Laboratory Animals prepared by the National Research Council (8th edition, revised 2011) and was conducted in an AAALAC-accredited facility. Protocols were approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
Measurement of Extracellular Histones
Extracellular histone levels were measured using a commercially available sandwich enzyme-linked immunosorbent assay (Cell Death Detection ELISA plus ; Roche Diagnostics, Indianapolis, IN) according to the manufacturer's instructions. Briefly, 20 μL of serum was diluted 1:4 in the immunoreagent that was prepared by mixing 5% volumes of anti-DNAperoxidase and anti-histone-biotin with 90% volumes of incubation buffer, and added to streptavidin-coated microtiter plates. After incubation (3 hours) and washing, peroxidase activity of the retained immunocomplexes was developed by incubation with ABTS (2,2′-azino-di[3-ethylbenzthiazolinesulfonate) and read in a spectrophotometer at 405 nm. The results are reported as optical density. Briefly, serum was drawn up into an applicator and introduced into the port on the test strip; the result was indicated in the test window within 5 to 10 minutes (Figure 1 ).
Human Platelet Aggregation Assay
Platelet aggregation assays were performed as previously described. 29 Whole blood samples were obtained from a healthy human volunteer and collected into a 3.2% trisodium citrate plastic tube. Human whole blood (500 μL) was mixed with saline (500 μL) in a plastic cuvette (Corning, Corning, NY), and platelet aggregation was measured by platelet aggregometry (2-sample, 4-channel, model 592 Whole Blood Aggregometer, Chrono-log, Havertown, PA). 29 By adding a small rotating magnet to each sample, shear stress was created to simulate intravascular flow conditions. The extent of platelet aggregation in 6 minutes (based on the manufacturer's instructions) was evaluated.
The effect of histones at various concentrations (40, 80, 160 μg/mL) (Roche, Mannheim, Germany) on platelet aggregation was investigated in vitro. Inhibition of histone-induced platelet aggregation by the NF-κB inhibitor, parthenolide (at 2 and 8 μM) (Sigma-Aldrich, St. Louis, MO) was investigated after co-incubation with whole blood for 30 minutes at 37°C.
Porcine Aortic Endothelial Cell Culture
Wild-type porcine aortic endothelial cells (pAECs) were isolated from fresh pig aortas and cultured in collagen I-coated 6-well culture plates (BD Biosciences, San Jose, CA) in pAEC culture medium (10% heat-inactivated fetal bovine serum [Sigma-Aldrich], antibiotic-antimycotic [Invitrogen, Carlsband, CA], and endothelial growth factor [30 μg/mL, BD]) at 37°C in a humidified atmosphere of 5% CO 2, as previously described. 38, 39 pAEC Apoptosis Assay
To determine the effect of histones on pAEC viability, apoptotic/necrotic cells were detected by flow cytometry using the Annexin V apoptosis detection kit I (BD, San Diego, CA), GTKO, α1,3-galactosyltransferase gene-knockout.
as previously described. 40 Confluent pAECs were incubated in serum-free medium (OPTI-MEM medium) (Invitrogen) in the presence of different concentrations of histone (Roche) (20, 40, 80 , 160 μg/mL) for 2 or 6 hours. The NF-κB inhibitor, parthenolide (2, 8 μM), was added with the histones and incubated for 6 hours. pAECs were harvested after incubation, and washed with PBS (Invitrogen), then resuspended with binding buffer (BD). Cells were stained with Annexin V for 20 minutes and 7AAD for 15 minutes, respectively, at room temperature. Annexin V-negative/7AAD-negative cells were identified as live cells. Annexin V-positive/7AAD-negative cells were identified as apoptotic, whereas Annexin V-negative/7AAD-positive cells were identified as necrotic or dead.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7.0 software. Significance of the difference between 2 groups was determined by paired Student t test or MannWhitney U test. A P value less than 0.05 was considered statistically significant.
RESULTS
In Vivo Studies
Serum Histone Levels in Baboons With a Pig Xenograft (Heart, Kidney, Liver, Artery Patch)
When graft function was stable, serum histone levels remained within the pretransplant range (which was generally <0.5). When a baboon developed consumptive coagulopathy (CC) or infection, serum histone levels increased.
For example, in 1 baboon with a pig heart transplant, histone levels increased to more than 3 when CC developed (B19010) (Figure 2A ). There was also a significant increase in histone level (to >3) in 1 baboon that developed an early infection and required to be euthanized (B19510). In baboons that experienced no complications, the histone levels remained approximately less than 1.
Similarly, serum histone levels increased in kidney recipients to greater than 2 when early CC developed requiring euthanasia (B17415 and B17515) ( Figure 2B ). In the remaining baboons, when prolonged graft survival was obtained, histone levels increased terminally when infectious complications developed (eg, B17615). FIGURE 2. Changes in serum histone levels in baboons following pig (A) non-life-supporting heterotopic abdominal heart, (B) life-supporting kidney, (C) orthotopic liver, or (D) artery patch xenotransplantation. A, After a pig heart transplant, in baboons that experienced no complications (eg, no infection or CC), serum histone levels remained approximately less than 1. Histone levels increased to greater than 3 when CC (B19010) or infection (B19510) developed. B, After a pig kidney transplant, serum histone levels increased when CC (B17415 and B17515) or infection (B9313, B17315, B17615) developed. C, After a pig liver transplant, serum histone levels increased to greater than 2 in all cases within 24 hours when CC developed (thrombocytopenia, <50 000 μL). This was followed by temporary recovery in 3 cases. D, After a pig artery patch transplant, there was some fluctuation in serum histone levels during the first month (which is difficult to explain), but thereafter the levels stabilized at less than 1.
After pig liver transplantation, histone levels increased to greater than 2 in all cases within 24 hours, at a time when the platelet counts had fallen to less than 50000/μL ( Figure 2C ). Some recovery occurred, but histones increased again in 3 cases when the state of CC became problematic.
In the presence of a pig artery patch graft, there was some fluctuation in serum histone level during the first month that is difficult to explain (B6514, B5412, and B9212), but in all baboons, it recovered to the normal range ( Figure 2D ).
Tocilizumab Was
We divided the baboons into 2 groups based on whether they received treatment with tocilizumab (IL-6 receptor blockade n = 9; heart [n = 2], kidney [n = 5], artery patch [n = 2]) or not (n = 17) ( Table 1) , and investigated the effect of this agent on serum histone, CRP, fT3, and SAA levels (because of insufficient serum, SAA was measured in only 8 baboons that received tocilizumab and in 5 that did not).
Immediately posttransplantation, there was an increase in mean histone level (day 1) (Figure 3A) , which was significantly higher in the baboons that did not receive tocilizumab (1.1 vs 0.3, P < 0.05). The level also rose in 2 baboons with kidney grafts that rapidly developed CC, and required euthanasia on day 12.
Mean CRP rose by day 4 (the first day of measurement) in the baboons that did not receive tocilizumab, and remained elevated throughout the posttransplant course ( Figure 3B ). In contrast, tocilizumab administration largely prevented a rise in CRP ( Figure 3B ). In the baboons that received tocilizumab, the mean CRP levels on days 7, 14, 28 and 60 were significantly lower than those in the baboons that did not receive tocilizumab (0.2 vs 1.6 mg/dL, P < 0.001; 0.3 vs 1.8 mg/dL, P < 0.001; 0.3 vs 1.6 mg/dL, P < 0.001; and 0.3 vs 2.0 mg/dL, P < 0.01, respectively) ( Figure 3B ).
There was an immediate decrease in fT3 in all baboons irrespective of tocilizumab administration ( Figure 3C ), but fT3 levels recovered more rapidly and were sustained at a higher level in baboons that received tocilizumab ( Figure 3C ). The mean fT3 levels in tocilizumab-treated baboons on days 1, 30, and 60 were significantly higher than those in untreated baboons (1.3 vs 0.9 pg/mL, P < 0.05; 4.0 vs 2.2 pg/mL, P < 0.01; and 4.8 vs 2.6 pg/mL, P < 0.05, respectively).
The mean platelet count ( Figure 3D ) was significantly higher in tocilizumab-treated baboons on days 1 and 4 than in those that did not receive tocilizumab (283 Â 10 /μL, P < 0.001, respectively). Thereafter, there was no significant difference.
The SAA assay indicated no inflammation was present pretransplant (Table 2) . However, when a baboon developed an infection (B19510, B9313) or CC (B17415, B17515), or was developing an immune response, for example, was becoming sensitized (B6414), the SAA assay became positive, indicating moderate or severe inflammation. In the presence of an artery patch graft, but in the absence of tocilizumab FIGURE 3. Changes in (A) serum histones, (B) CRP, (C) fT3, and (D) platelet count after pig organ or artery patch transplantation in baboons receiving (n = 9) in red or not receiving (n = 17) in black tocilizumab. A, The mean serum histone level in baboons that did not receive tocilizumab was significantly higher on day 1 posttransplant than in baboons that received tocilizumab (day 1, 1.2 vs 0.3, P < 0.05), except in 2 baboons that required euthanasia on day 12 for the early and rapid development of CC (indicated by the spikes in serum histone). (*P < 0.05). B, In the tocilizumab-treated baboons, the mean CRP remained less than 0.5 from day 4, and on days 7, 14, 28, and 60 was significantly lower than in baboons that did not receive tocilizumab (day 7, 0.2 vs 1.6 mg/dL, P < 0.001; day 14, 0.3 vs 1.8 mg/dL, P < 0.001; day 28, 0.3 vs 1.6 mg/dL, P < 0.001; and day 60, 0.3 vs 2.0 mg/dL, P < 0.01, respectively). (**P < 0.01; ***P < 0.001). C, There was an immediate post-transplant significant decrease in fT3 in all baboons irrespective of tocilizumab treatment, but the fT3 level recovered more rapidly and to a higher level in those that received tocilizumab. The mean fT3 levels in baboons receiving tocilizumab on days 1, 30 and 60 were significantly higher than those in baboons not receiving tocilizumab (day 1, 1.3 vs 0.9 pg/mL, P < 0.05; day 30, 4.0 vs 2.2 pg/mL, P < 0.01; day 60, 4.8 vs 2.6 pg/mL, P < 0.05, respectively). (*P < 0.05; **P < 0.01). D, The mean platelet count was significantly higher on day 1 and 4 in the tocilizumab-treated baboons than in those that did not receive tocilizumab (day 1, 283 Â 10 /μL, P < 0.001; respectively) (**P < 0.01; ***P < 0.001).
therapy, even when the baboon showed no features of CC, infection, or other complication, the SAA indicated some inflammation (eg, B12912 and B5412) ( Table 2 ). In contrast, the baboons receiving tocilizumab showed a normal SAA when they were stable (no features of CC, infection, or other complication) indicating no inflammation (eg, B18013, B17315 [day 180], B17615 [day 180], B12612, and B9512) ( Table 2) . Serum Histone and CRP Levels Tended to Increase, fT3 Levels Decreased, and SAA Became Positive When CC (Thrombocytopenia) Developed
As we have not seen CC develop in any baboon with a pig artery patch graft, we excluded these (n = 9) from the analysis. Of the remaining 17 baboons with pig organ grafts, 9 developed CC (defined by a platelet count <50 000 μL or <20% of pretransplant [ Figure 4D ]) after pig heart, kidney, or liver transplantation. Serum histone levels tended to rise to much higher levels in the early posttransplant period (first month) in those baboons that developed CC ( Figure 4A ). In these baboons, the mean serum histone level was higher on days 1, 4, and 7 than in those that did not develop CC, though these differences were not statistically significant (1.3 vs 0.5, ns; 1.0 vs 0.4, ns; 1.2 vs 0.9, ns; respectively). There was therefore a trend toward a correlation between high histone level and CC.
Similarly, mean CRP level tended to be higher ( Figure 4B) , and mean fT3 level lower ( Figure 4C ), when CC developed. On day 7, the mean fT3 in the baboons that developed CC was significantly lower than in those that did not develop CC (0.9 vs 2.3 pg/mL, P < 0.05).
By definition, platelet counts fell dramatically when CC developed ( Figure 4D ).
The SAA assay indicated inflammation when CC developed, even when tocilizumab had been administered (B17415, B17515) (Table 2) ,
In Vitro Studies
Inhibition of Histone-Induced Human Platelet Aggregation by the NF-κB Inhibitor, Parthenolide
In the absence of any platelet agonist (or exposure to pig cells), no platelet aggregation was observed in the absence of histone ( Figure 5 ). Within 6 minutes of adding a histone (160 μg/mL) to the whole blood sample, 18% platelet aggregation was observed (after which aggregation slowly increased further to 21%). The addition of the NF-κB inhibitor, parthenolide (at 2 or 8 μM), significantly reduced histone-induced aggregation at 6 minutes to 5% (P < 0.01). There was no significant difference in inhibitory effect between 2 and 8 μM of the NF-κB inhibitor.
Histones-Induced Cell Apoptosis/Death in Vitro via an NF-κB-Dependent Pathway
With increasing concentrations of histone, and increasing periods of exposure, there was an increase in apoptosis/ death of pAECs ( Figure 6A, B) . Histone (160 μg/mL)-induced apoptosis/death was significantly greater than in the absence of histone. After 2 hours incubation with histone, mean percentage apoptosis/death was 67.3% versus 6.8% ( Figure 6B ), after 6 hours 94.6% versus 9.2% ( Figure 6B ), after 16 hours 94.0% versus 17.3% ( Figure 6B ), and after 24 hours 97.4% versus 17.2% ( Figure 6B ) (all P < 0.05).
Histone (160 μg/mL)-induced cell apoptosis/death was significantly reduced by the NF-κB inhibitor, parthenolide, at 2 μM (mean percentage apoptosis/death, 91.4% vs 53.8%) and 8 μM (mean percentage apoptosis/death, 91.4% vs 53.6%) (both P < 0.05) ( Figure 6C ). However, the higher concentration (8 μM) of NF-κB inhibitor did not provide any further protective effect compared with the lower concentration (2 μM) (mean percentage apoptosis/death, 53.6% vs 53.8%).
DISCUSSION
Histones are one of the DAMPs that include high mobility group box-1. 41, 42 They are also basic unit structural components of chromatin (nucleosomes); lack of histone leads to disorganized and ineffectively structured human genomic DNA. 3 Histones can be released in many conditions, for example, trauma, chemical or ischemic injury, infection.
3 Under conditions of cellular stress or injury, once histones are released from both damaged cells and activated immune cells into the extracellular space and/or blood, they can induce systemic inflammation (eg, cytokine release), 8, 21 a thrombotic response (eg, platelet activation and aggregation), 15, 16, 43 and/or endothelial cytotoxicity, 6 which may lead to lifethreatening complications, including acute organ injury 44 or multiple organ failure. 37, 45 These findings imply an important role for extracellular histones in disease progression.
However, to our knowledge, nothing is known of the extracellular histone levels in recipients of pig xenografts. The present study demonstrated that increased serum histone levels in xenograft recipients (of a heart, liver, kidney, or artery patch) were associated with the operative procedure, but more importantly with infection, tissue/cell injury (including rejection), and CC. In contrast, when the recipients were stable, serum histone levels also remained stable.
A systemic inflammatory response develops after pig organ transplantation in nonhuman primates. 26, 27 Therefore, anti-inflammatory agents have been administered. For example, a beneficial effect of tocilizumab (IL-6 receptor blockade) has been documented. 26, 31 In the present study, when baboons received tocilizumab, the levels of serum histone and CRP were reduced, and the level of fT3 and the platelet count were increased. The mechanisms by which tocilizumab results in a reduction in histone release is uncertain, but the prevention or suppression of an inflammatory response is likely to FIGURE 4 . Changes in the levels of (A) serum histones, (B) CRP, (C) fT3, and (D) platelet count after pig organ transplantation in baboons that developed CC (n = 9) or did not develop CC (n = 8). A, Serum histone levels rose to higher levels in the first posttransplant month in baboons that developed CC. In the baboons that developed CC, mean serum histone level on day 1 was significantly higher than pretransplant (1.3 vs 0.3, P < 0.05). In these baboons, the mean serum histone level tended to be higher on days 1, 4, and 7 than in those that did not develop CC, though the differences were not statistically significant (day 1, 1.3 vs 0.5, ns; day 4, 1.0 vs 0.4, ns; day 7, 1.2 vs .09, ns; respectively). B, When CC developed, on days 4 and 30 the mean CRP level tended to be higher than in those that did not develop CC, though the differences were not statistically significant (day 4, 2.2 vs 1.2 mg/dL, ns; day 30, 1.8 vs 0.5 mg/dL; ns respectively). C, In baboons that developed CC, the mean fT3 level on day 7 was significantly lower than in those that did not develop CC (0.9 vs 2.3 pg/mL, P < 0.05) (*P < 0.05). D, CC was associated with a significant fall in mean platelet count, which was lower than when CC did not develop. On days 1, 4, and 7, the mean platelet counts were lower in those baboons in which CC developed (day 1, 88 Â 10 /μL, P < 0.001, respectively) (*P < 0.05; ***P < 0.001).
FIGURE 5. In vitro, in the absence of any platelet agonist or pig cells, the addition of histones (160 μg/mL) to human platelets induced 18% platelet aggregation. This was significantly reduced (P < 0.01) by the addition of the NF-κB inhibitor, parthenolide at 2 and 8 μM, to 5% and 5%, respectively. play a role. Furthermore, the decreased number of neutrophils (the main source of histones) associated with tocilizumab therapy might also result in a reduction of extracellular histone release. 46, 47 Emerging studies indicate that increased serum histone levels have been observed in patients with disseminated intravascular coagulation, which is characterized by widespread microvascular thrombosis in various organs with exhaustion of coagulation factors and platelets, contributing to multiple organ dysfunction syndrome. 44 Kim et al 48 demonstrated that high circulating histone levels are related to mortality in patients with disseminated intravascular coagulation. In the present study, serum histone levels increased in baboons that developed CC when compared with those that did not develop CC. There was a correlation between high histone levels and CC although the mechanisms involved remain unclear. When CC develops, damaged cells/tissues may induce histone release. Sustained inflammation in the presence of a xenograft can also induce histone release by cell/tissue injury and activation, which can promote coagulation dysfunction. Exhaustion of coagulation factors and platelets may occur through thrombin generation by (i) inducing tissue factor expression, 18 (ii) reducing expression of coagulation-regulatory proteins, 9 or (iii) through direct platelet activation and aggregation. 15, 16, 43 SAA is an acute phase inflammation-reactive protein that can be produced from the liver by induction of cytokines (interleukin-1 and interleukin-6), 49, 50 similar to the production of CRP. 51, 52 To our knowledge, the SAA assay has not been tested in a xenotransplantation model previously. Because it is a more rapid and simple test than other inflammatory markers (eg, CRP, histone), albeit currently only semiquantitative, the SAA assay might prove valuable as a screening test for monitoring recipients with pig xenografts. Any indication that inflammation is developing could be followed by more intensive investigation, for example, to determine the presence of an infection, rejection, of CC.
We demonstrated that the SAA test indicated significant or moderate inflammation when baboons (i) developed an infection, or (ii) were developing CC, or (iii) when the pig graft was undergoing rejection, whereas the SAA indicated no inflammation when the baboons receiving tocilizumab were stable. However, the SAA assay indicated inflammation in some baboons not receiving tocilizumab even when they were stable, mimicking the CRP in this respect. Increased SAA levels have been observed in recipients of kidney or heart allografts when undergoing rejection or infection.
53-56 FIGURE 6. In vitro, incubation with histones induced apoptosis/death of pAECs in a concentration-and time-dependent manner (A, representative figure by flow cytometry; B, mean apoptosis/death percentage). C, The NF-κB inhibitor, parthenolide (at 2 and 8 μM), significantly reduced histone (160 μg/mL)-induced cell apoptosis/death (mean apoptosis/death percentage, 91.4% vs 53.8%, and 91.4% vs 53.6%, respectively) (both P < 0.05). There was no significant difference in the protective effect of parthenolide between at 2 and 8 μM (mean apoptosis/death percentage 53.8% vs 53.6%).
In our in vitro study, we demonstrated that histones induced apoptosis of pAECs in a concentration-and time-dependent manner, as well as inducing human platelet aggregation through the NF-κB pathway, which is consistent with other reports. 57, 58 However, whether the same histone concentrations are achieved in vivo and with the same activity remains uncertain. Although the molecular mechanisms of protection from histone-mediated cytotoxicity and platelet activation and aggregation by NF-κB inhibitors remain unclear, NF-κB might be a potential therapeutic target in terms of anti-apoptosis and anti-platelet activation/aggregation in xenotransplantation. We demonstrated that NF-κB inhibitors reduce the histoneinduced platelet aggregation in whole blood which is consistent with other reports 59 although the mechanism remains uncertain. In our platelet aggregation assay, we used a whole blood sample where the NF-κB inhibitor may have reduced platelet aggregation indirectly through its effect on other immune cells.
The observations made in the in vivo studies are correlative, but there remains uncertainty of the exact role of histones in vivo in the pig-to-baboon model, for example, whether they are passive markers of inflammation or they actively increase inflammation (or both). However, it is well known that when histones are released, they can cause tissue injury. It is therefore possible, if not probable, that in the present series of experiments the increase in histone level accelerated the pathologic state, for example, by accelerating the development of CC. An anti-histone antibody is available 3, 12, 57, 60, 61 and so this could be administered to prevent an increase in histones or reverse it.
In summary, although the numbers in some of the groups were small, and there were several variables, we suggest that the following conclusions can reasonably be drawn. The present retrospective study demonstrated that significant inflammation could be identified by the measurement of serum histones when baboons were developing an infection or CC. Whether an increase in histones is simply a marker of inflammation or whether histones actively increase inflammation in the pig-to-baboon model requires further investigation. There was a correlation between high histone levels and CC. Similarly, CRP levels tended to be higher and fT3 levels lower when CC developed. Our limited monitoring of SAA showed similar results to those of CRP. Therefore, extracellular histones along with other inflammatory markers (eg, CRP, fT3, SAA) could serve as useful biomarkers, and might allow improved management of primates with pig organ grafts.
Addendum: Since this manuscript was submitted, an in vitro study exploring histones in xenotransplantation has been reported. 62 
